The infralimbic prefrontal cortex (IL) has been shown to be critical for the regulation of flexible behavior, but its precise function remains unclear. This region has been shown to be critical for the acquisition, consolidation, and expression of extinction learning, leading many to hypothesize that IL suppresses behavior as part of a "stop" network. However, this framework is at odds with IL function in habitual behavior in which the IL has been shown to be required for the expression and acquisition of ongoing habitual behavior. Here, we will review the current state of knowledge of IL anatomy and function in behavioral flexibility and provide a testable framework for a single IL mechanism underlying its function in both extinction and habit learning.
Addiction is characterized both by the inability to terminate or reduce drug taking even in the face of adverse consequences and by chronic relapse to drug taking. Investigation into the neurobiological substrates of the loss of behavioral flexibility in addiction has relied heavily on animal models of addictive behavior, including habit and extinction learning paradigms that investigate distinct components of inflexible behavior.
The prefrontal cortex (PFC) has repeatedly been identified as critical for the cognitive control of flexible actions (Jentsch and Taylor 1999; Everitt et al. 2008; George and Koob 2010; Willcocks and McNally 2012) . Subregions of the PFC have distinct connectivity that likely underlies their separable roles in behavior. The infralimbic PFC (IL) has been shown to have a unique role in the development and expression of inflexible reward seeking. Interestingly, IL has been shown to have opposing effects on behavior when compared with the adjacent prelimbic PFC (PL) or, more broadly, the dorsomedial PFC (dmPFC). Perhaps most surprising are the apparently contradictory roles of IL in different measures of behavioral flexibility. In the current review, we discuss models of inflexible drug seeking and the role of IL in the regulation of these behavioral processes. In particular, we focus on the precise function of IL in the acquisition and extinction of drug seeking and the development and expression of habitual drug-seeking behavior. We propose a framework for reconciling the seemingly contradictory role of IL in the regulation of flexible reward seeking through the suppression of the ability of established action-outcome contingencies to guide behavior.
Inflexible behaviors: resistance to extinction and habitual reward seeking
In models of inflexible behavior, animals learn to associate actions, contexts, or stimuli with outcomes, including reward delivery ( Fig. 1) or footshock. In extinction, animals must learn that this contingency has been broken: the presentation of outcomepaired stimuli or performing reward-seeking behavior no longer results in outcome presentation. Extinction is a new learning process that does not appear to involve the "forgetting" or "erasure" of the memory of the previously learned contingency (Rescorla 2001; Bouton 2004) . Rather, reward-seeking or freezing behavior is inhibited in response to the newly formed memory that the action-or stimulus-outcome association is no longer intact. A number of behavioral models have been suggested to describe the learning and memory processes through which extinction is acquired and expressed, although many believe that extinction occurs as expectations are updated across repeated experience of the loss of action-or stimuli-outcome relationship (Rescorla 2001; Bouton 2004; Delamater and Westbrook 2013) . While the fear and reward-seeking literatures diverge in a number of areas, a considerable literature implicates overlapping circuits in the acquisition and expression of extinction in these separate paradigms (Peters et al. 2009 ).
After repeated performance, behaviors can become habitual and even compulsive (Adams 1982; Dickinson 1985; Balleine and Dickinson 1998; Dickinson et al. 2002; Miles et al. 2003) . Early on, behavior is mediated by its relationship to its outcome (action-outcome contingency) in which drug seeking is performed explicitly because of the drug's reinforcing properties. Over time, these actions transition to stimulus-response habits. The action-outcome relationship no longer drives behavior, but rather, exposure to environmental stimuli (i.e., contexts or cues) that have been repeatedly paired with the drug initiates drug seeking. Because habitual behavior is not dependent on the actionoutcome association, animal models use contingency degradation and/or outcome devaluation methods to assess whether reward seeking is habitual or goal-directed. In these tests, animals that are performing goal-directed actions in relation to their consequences discontinue responding when the action-outcome contingency is disrupted, or when the value of the outcome is lost. By definition, however, habitual behaviors are those where responding continues despite the fact that the action no longer produces the desired outcome.
Connectivity of the rodent infralimbic prefrontal cortex
The medial PFC (mPFC) of the rodent consists of at least three distinct subregions-the anterior cingulate (ACC), prelimbic (PL), and infralimbic areas (Van Eden and Uylings 1985) . Connectivity studies suggest that IL, the most ventral portions of PL, and medial orbitofrontal cortex that constitute the ventral mPFC (vmPFC), share overlapping targets. In contrast, the more dorsal portions of PL and the ACC, together with the dmPFC, are more similar in their subcortical connectivity (Berendse et al. 1992) . The distinction between these subregions in the mPFC has been supported by functional, cytoarchitectonic, anatomical, and neurochemical data, although the overlap between these definitions is not perfect (Heidbreder and Groenewegen 2003) .
In general, dmPFC subregions have extensive connectivity with sensory and motor cortices, whereas the vmPFC primarily interconnects with limbic cortices. IL extensively innervates amygdalar nuclei, including dense inputs to the central and basolateral nuclei and GABAergic cells that compose the intercalated nucleus of the amygdala (Cassell and Wright 1986; Mcdonald et al. 1996) . The basal nuclei of the amygdala send projections to the ventral portions of the mPFC, including the IL. Of increasing interest to addiction research are the connections between the mPFC and the hypothalamus. While dmPFC projections are primarily concentrated within the posterior hypothalamus, IL projections are widely distributed throughout the hypothalamus, most notably including the dorsomedial and lateral hypothalamus (Hurley et al. 1991) . The mPFC has extensive projections to the striatum with a dense projection from IL extensively innervating the medial shell of the nucleus accumbens (NAcS), and some innervation of the medial core. Notably, the more superficial layers of IL project primarily onto matrix compartments of striatal targets, while deep layers of IL have stronger inputs to the patch compartment (Gerfen 1984; Berendse et al. 1992 ). It appears that this is generally true across the mPFC, although the extent of deep layer innervation of the patch compartment is greater in the IL than more dorsal mPFC subregions. Others have suggested that this results in a robust impact of vmPFC on dopaminergic signaling due to the interactions between patch compartment neurons and midbrain reward structures (Gerfen 1984; Berendse et al. 1992; Heidbreder and Groenewegen 2003) .
In addition to indirect connections with the dopamine system, the PFC projects to the ventral tegmental area (VTA) and the substantia nigra pars compacta, and in turn the mPFC is directly targeted by dopaminergic neurons primarily from the VTA (Thierry et al. 1973) . The more ventral portions of the mPFC, including the IL, are more extensively connected with these midbrain dopamine areas than dorsal subregions. The vmPFC has been shown to have elevated basal dopamine levels as compared to dmPFC (Hedou et al. 1999a (Hedou et al. ,b, 2001 ), potentially consistent with elevated dopaminergic innervation. The overlapping projection targets of IL and components of the limbic corticostriatal circuitry enables both integration and parallel processing of reward and cognitive information (Haber 2008; Haber and Knutson 2010) , potentially facilitating the transition from a flexible regulation of behavior by the prefrontal cortex to automatic behavior driven by dorsal striatal structures (Everitt and Robbins 2013) .
Infralimbic PFC controls extinction of instrumental and Pavlovian associations
While multiple subregions of the mPFC have distinct roles in extinction, the IL, in particular, has been shown to be critical for the acquisition, consolidation, and expression of extinction (Peters et al. 2009; Millan et al. 2011 ). This evidence comes from studies of both fear and drug conditioning where a significant body of literature shows an overlap in the neural circuits that mediate behavior, but with notable distinctions, particularly in the involvement of subcortical structures (cf, Peters et al. 2009 ). This suggests that much of the circuitry-mediating extinction is general across types of aversive and appetitive learning, although instances where discrepancies exist will be discussed below.
Fear extinction training has been shown to induce increased excitability of IL neurons (Santini et al. 2008 ) and activity (Milad and Quirk 2002; Santini et al. 2004; Knapska and Maren 2009) . Consistent with this, fear extinction training up-regulates the MAPK signaling pathway, which has been shown to be required for long-term extinction memory (Hugues et al. 2004 (Hugues et al. , 2006 . Loss of IL (but not PL) function through pharmacological Figure 1 . Instrumental extinction and habit models. (A) For extinction and habit models, animals first learn an association between their action (e.g., lever press) and an outcome (e.g., reinforcer delivery). (B) In extinction training, the action-outcome relationship is terminated. Lever pressing no longer results in reinforcer delivery. Acquisition of extinction requires learning that the previously reinforced action no longer produces the delivery of a reinforcer, and the expression of extinction learning requires suppression of the previously reinforced action. (C) Habitual behavior is behavior that is no longer mediated by the relationship between actions and their outcome. One method of assessing habits is to disrupt the contingency between action and outcome. In contingency degradation, action and inaction are equivalently likely to be associated with the delivery of the reinforcer. Goal-directed animals are expected to reduce responding for the previously learned contingency when it is degraded through noncontingent reinforcement while habitual animals are insensitive to this change in contingency. (D) Habitual behavior can also be assessed through altering the value of the outcome. Typically, the outcome is devalued through association of the reinforcer with illness (i.e., a conditioned taste aversion). As with contingency degradation, when behavior is sensitive to the action-outcome contingency (i.e., goal-directed), a reduction in behavior is expected. Habitual animals, whose behavior is stimulusdriven, are insensitive to the effects of outcome devaluation on instrumental responding. inactivation or lesion blocks the consolidation of extinction learning (Morgan et al. 1993; Quirk et al. 2000; Lebró n et al. 2004; Sierra-Mercado et al. 2006; Laurent and Westbrook 2009) . Consolidation of fear extinction is IL protein synthesis dependent, suggesting that ongoing IL plasticity may be necessary for the consolidation of the memory (Santini et al. 2004) . Consistent with a role for IL plasticity in fear extinction, infusions of the proplasticity neurotrophin BDNF into the IL mimic previous extinction training (Peters et al. 2010) . Interestingly, the infusion of BDNF does not appear to simply promote the acquisition of extinction, but rather disrupts the expression of the Pavlovian fear memory even without extinction training. This suggests that disrupting IL stability can prevent the expression of previously established behavior.
Investigation into the extinction of drug-seeking behavior has also implicated IL as a critical cortical region (Gass and Chandler 2013) . As with fear extinction, general IL activity patterns have been shown to be high during critical learning periods, including early in extinction (Francois et al. 2014) . After extinction of cocaine seeking, inactivation of the IL produces spontaneous reinstatement of cocaine-seeking responses (Peters et al. 2008) . Interestingly, these authors also observed that activation of IL with a glutamate receptor agonist prevented drug-primed reinstatement. It has also been shown that modulation of glutamate signaling through infusions of D-cycloserine in IL can promote sucrose extinction , although IL D-cycloserine administration does not impact contextual control over Pavlovian extinction (Torregrossa et al. 2010 ). Similar to findings in fear learning, IL activity appears to be required for the consolidation of extinction: inactivation of IL immediately after extinction training sessions resulted in decreased expression of extinction (LaLumiere et al. 2010 ), but extinction could be augmented by promoting IL AMPA activity. Consistent with a role for IL glutamate signaling in extinction, the extinction of cocaine seeking but not withdrawal after noncontingent drug delivery resulted in increased expression of excitatory amino acid transporters (Miguéns et al. 2008) .
Neuromodulator signaling in IL also plays a critical role in extinction learning. Adrenergic signaling in IL bidirectionally regulates the consolidation of extinction for cocaine (LaLumiere et al. 2010 ). Infusions of a b2-adrenergic agonist promoted consolidation of extinction, while antagonism reduced consolidation. A role for dopamine signaling in extinction has also been reported. Antagonism of IL dopamine D2 receptors prevents consolidation, but not learning, of fear extinction, suggesting that activity at D2 receptors is required for normal consolidation of this memory (Mueller et al. 2010) .
While the bulk of the investigation of IL in drug seeking has focused on extinction of cocaine-seeking behavior, recent studies have suggested that IL is also involved in the extinction of alcohol seeking. As with fear, extinction of alcohol seeking is associated with elevated c-Fos expression in IL (Marchant et al. 2010) . IL plasticity may also play a role in the extinction of ethanol seeking, as expression of the proplasticity molecule polysialylated neural cell adhesion molecule (PSA-NCAM) is predictive of innate differences in the ability to extinguish ethanol-seeking behavior (Barker et al. 2012) . Further, loss of PSA-NCAM resulted directly in the inability to extinguish over multiple training sessions. Interestingly, D2 agonism has been shown to induce PSA-NCAM expression (Castillo-Gó mez et al. 2008) , providing a potential mechanism by which IL dopamine D2 activity may drive the plasticity underlying consolidation of extinction learning.
In contrast to fear and cocaine extinction, IL inactivation does not appear to reinstate alcohol seeking (Willcocks and McNally 2012) , highlighting the need to consider the neurocircuitry of addictive behavior separately for different drugs of abuse. The role of IL in extinction of heroin appears to stand in contrast to other drugs of abuse, where it may drive reinstatement of heroin seeking (Bossert et al. 2012; . In addition, these data highlight the importance of considering a loss of plasticity separately from a loss of function. In the absence of PSA-NCAM-mediated plasticity, the IL may be maintaining stable activity patterns that were established under reinforced conditions. The loss of plasticity may drive ongoing behavior under extinction conditions because of a failure to update the action-outcome expectancy. However, under lesion or inactivation conditions, the IL provides no input to cortical and subcortical targets.
The IL projects to a number of target regions relevant to the expression and extinction of drug-seeking behavior (Fig. 2) . Notably, disconnection of the IL from NAcS through contralateral inactivation prevents the expression of extinction, mimicking findings from bilateral IL lesions (Peters et al. 2008 ). NAcS Figure 2 . Subcortical targets of IL involved with extinction and habit learning. The IL projects to a number of subcortical targets, many of which have been shown to be critical substrates of extinction and habit learning. In addition, these subcortical regions have extensive interconnectivity, implicating a large potential network in mediating the acquisition and expression of extinction and stimulus-response habits. Although a number of additional targets exist, the dorsomedial hypothalamus has been identified as a substrate of extinction learning, and may be involved in habitual behavior as well. Additionally, amygdalar nuclei, which are extensively connected with the prefrontal cortex, the ventral striatum, and dopaminergic nuclei, have been implicated in extinction and habit formation, and are likely to be an important focus of investigation into the regulation of flexible reward seeking. The accumbens shell, which receives input from IL as well as a number of other limbic and midbrain structures, has been identified as a key regulator of extinction. Reports have implicated brain regions in green in both extinction and habitual behavior. To date, brain regions highlighted in blue have only been associated with extinction learning and their role in habitual behavior is as yet unclear.
glutamatergic plasticity has been reported after extinction training (Thompson and Swanson 2010) and, together, these findings suggest that IL glutamatergic projections to NAcS promote the plasticity observed after extinction training. The IL also projects extensively to the dorsomedial hypothalamus (DMH). Interestingly, the expression of extinction of ethanol seeking has been associated with increased c-Fos expression in IL projections to DMH (Marchant et al. 2010) . The DMH has previously been associated with motivated behavior, and investigation into control of DMH activity by prefrontal networks is expected to provide considerable information regarding the neurocircuitry of extinction, and potentially how the extinction of alcohol and food seeking differs from cocaine-and fear-motivated learning. One potential mechanism by which the role of IL in extinction differs for various drugs of abuse is through the engagement of subcortical targets. The loss of IL may not affect the extinction of ethanol seeking as a result of increased engagement of DMH or other neuroanatomical substrates, although psychostimulants may not involve these structures to the same degree, resulting in a higher reliance on IL function.
Infralimbic PFC is required for the development of habitual behavior
As a general framework, it is thought that the shift away from goaldirected behavior to habitual reward seeking is paralleled by a decrease in PFC control of behavior, with stimulus-response habits instead mediated by subcortical regions including the striatum (Yin and Knowlton 2006) . However, the role for IL in habitual reward seeking appears to be at odds with this general framework for the role of PFC in goal-directed behavior as well as with the ability of IL activity to drive behavioral flexibility in models of extinction. When IL is lesioned before training, animals are able to acquire action-outcome contingencies, and to remain sensitive to outcome devaluation even after extended training when control (sham lesion) animals are habitual . The IL is not merely critical in the acquisition of habitual behavior, but rather, inactivation of IL after training to habit restores goal-directed behavior. This suggests that intact IL function is required for the expression of stimulus-response habits even after their acquisition .
Using a T-maze task, Smith et al. (2012) investigated the role of IL glutamatergic pyramidal cells in online control of habitual behavior. Complementary to previous findings, this group also observed that IL inhibition during behavior disrupted the expression of habitual reward seeking. They extended this to demonstrate that disruption of the IL must occur during performance of the behavior to alter the expression of habits. In contrast, neither pre-task nor post-task disruption during potential "anticipation" or consolidation intervals prevented the expression of habits. Additional work has demonstrated that IL must be online during the acquisition of habitual performance, not simply the expression of habits (Smith and Graybiel 2013) . These data build upon additional research from this group, indicating that across the development of habits, IL develops "task-bracketing" activity (i.e., activity at the beginning and end of trials) in the superficial layers that are primarily corticocortical projections (Smith and Graybiel 2013) . In contrast, deep-layer projection neurons exhibit an increase in activity across the development of habits that stands in contrast to a decrease in activity in the more dorsal PL. Together, these data indicate that, as is the case for extinction learning, IL is required for both the acquisition and expression of habitual reward-seeking behavior, and that particular patterns of activity may be required for this to occur.
In a response conflict paradigm in which the performance of an automatic behavior in an inappropriate context was assessed, inactivation of IL promoted the inhibition of inappropriate responding (Haddon and Killcross 2011a ). This finding is in direct contrast to data on the roles of more dorsal PL and ACC in which loss of function drives inappropriate responding that is insensitive to context (Marquis et al. 2007 ). Together, these data suggest that IL lesions enable context and outcome information to promote flexible action despite competing drive of automatic, "overtrained" behavior.
While there is a significant body of literature indicating that dopamine signaling in the striatum is critical for the formation of habitual behavior (Nelson and Killcross 2006) , a number of studies have also established a role for IL dopamine signaling in habit formation. Infusions of dopamine in the IL, but not dmPFC, restores goal-directed behavior after animals have become insensitive to outcome devaluation (i.e., habitual) (Hitchcott et al. 2007 ). More recent data have suggested that the ability of dopamine to promote flexible, goal-directed reward seeking may be mediated through D2-like receptors, as agonism of dopamine D2 receptors in IL restores sensitivity to changes in action-outcome relationship at a time point in which animals look habitual (Barker et al. 2013) . Interestingly, antagonism of dopamine D1 receptors in IL similarly promoted flexible goaldirected actions, suggesting that a balance of IL D1:D2 signaling may be critical for the expression of actions versus habits. Systemic data have shown opposing roles for dopamine D1 and D2 receptors on amphetamine-induced acceleration of habit formation. Systemic administration of dopamine D1 antagonists reverse this acceleration, although D2 antagonists facilitate habit formation, potentially consistent with data from the IL (Nelson and Killcross 2013) . While PL dopamine signaling has been shown to modulate behavior in a response conflict paradigm (Haddon and Killcross 2011b) , to our knowledge, the effect of IL dopamine manipulations on the regulation of context-specific behavior has not yet been investigated. However, IL dopamine signaling has been shown to modulate compulsive-like reward seeking in a paradigm involving competition between reward seeking and avoidance of adverse consequences in which entry to a reward-and punishment-paired context was investigated. As in habitual reward-seeking behavior, D2 agonism or D1 antagonism was found to reduce compulsive-like continued reward seeking (Barker et al. 2013 ).
The precise mechanism by which both dopamine D2 agonism and IL inactivation or lesioning drive goal-directed behavior is unclear. One possibility is that D2 agonism reduces inflexible behavior through decreasing pyramidal cell excitability, ultimately reducing IL regulation of behavior. Alternatively, a growing literature suggests that, as is well established in the striatum, prefrontal dopamine D1-and D2-containing neurons may be in part separate populations of cells, with distinct subcortical projection targets (Vincent et al. 1995; Gee et al. 2012) . Striatal dopamine D1-and D2-containing neurons have distinct projection targets and compose the direct and indirect loops in the basal ganglia, participating in dopamine regulation of cortical inputand likely addictive behavior-through these distinct pathways (Gerfen et al. 1990; Surmeier et al. 1996; Onn et al. 2000; Kravitz and Kreitzer 2012) . It is similarly possible that a shift in D1 versus D2 signaling differentially affect behavior through distinct outputs. A considerable amount of research has investigated the role of prefrontal dopamine in working memory, suggesting that PFC dopamine regulates prefrontal behavior in a dose-dependent manner. When dopamine activity is either too high or too low, it has been proposed that animals perform PFC-mediated tasks suboptimally (Arnsten 2007) . However, more recent work has suggested that this "inverted-U" relationship between PFC (Floresco 2013) . Investigation of behavioral flexibility in set shifting tasks implicates specific dopamine receptor subtypes in behavioral performance. Dopamine D2 receptor antagonism impaired set-shifting, while inhibition of the D4 receptor (a member of the D2-family of dopamine receptors) had opposing effects on behavior (Floresco et al. 2006) . Furthermore, loss of either the D1 or D2 receptor activity in the mPFC can prevent the ability to update behavior in response to changes in reward value, but does not appear to block perception of the value change (Winter et al. 2009 ). While these data are not specific to IL, they highlight the importance of considering neuromodulator signaling carefully in complex assessments of behavioral flexibility.
Discrepancies in the role of infralimbic PFC in the regulation of reward seeking: frameworks for unifying theories
The absence of IL prevents the acquisition and expression of stimulus-response habits, indicating that IL function is critical for habitual behavior. Similarly, loss of IL activity can also enable selection of appropriate response strategies in situations of conflict. This suggests that the loss of IL promotes goal-directed actions that are sensitive to changes in action-outcome contingency. Somewhat counter intuitively, loss of IL also results in the inability to acquire or express extinction learning when action-or stimulus-outcome contingencies are no longer in place. The role of IL in extinction has led to the suggestion that the IL is part of a "stop" circuitry that mediates both fear and drug-seeking through projections to intercalated nucleus of the amygdala or the accumbens shell, respectively (Peters et al. 2008 (Peters et al. , 2009 Gass and Chandler 2013) . However, it should be pointed out that this proposed model does not appear to account for the role of IL in habitual behaviors where loss of IL can reduce on-going habitual reward seeking.
Since acquisition and expression of extinction learning shares many features in common with habitual behavior, we, as have others, suggest that IL plays a complementary role in both forms of flexible behavior. For many types of extinction, IL function is critical to both the acquisition and the expression of extinction, and extinction can be bidirectionally altered through manipulation of IL plasticity or activity. Given the similarities between goal-directed behaviors and extinction, it is surprising that IL appears to play an opposing role in the acquisition and expression of stimulus-response habits. While loss of IL often prevents extinction, the same manipulations promote the expression of goal-directed behavior and indeed prohibit the development of habitual behavior that renders animals sensitive to changes in action-outcome relationships (i.e., sensitive to contingency changes).
There are at least three potential frameworks suggested or alluded to in a considerable literature through which IL manipulations have distinct consequences on these separate forms of behavioral flexibility [(Fig. 3; Coutureau and Killcross 2003; Killcross and Coutureau 2003; Peters et al. 2009 ) for additional discussion of these hypotheses]. First, the IL may engage discrete subcortical networks to drive extinction and/or habit acquisition and expression. Second, the IL is driven by distinct inputs mediating each behavior. Third, IL function is similar in both extinction and habit, but it elicits a component of behavior that appears artificially distinct. We propose that the latter framework-that IL functions similarly in both forms of behavioral flexibility-is the most likely mechanism (it should be noted that these processes are not mutually exclusive and could occur in combination). In particular, we suggest that through active inhibition of established action-outcome mediated behavior, the IL suppresses goaldirected behavior and therefore promotes the expression of habitual reward seeking as well as the acquisition and expression of extinction learning. In the absence of IL, the suppression of learned action-outcome relationships required to express and acquire extinction learning may be restricted. This may result in the inability to acquire or express the extinction of reward seeking when IL function is lost after extinction. Similarly, in assessments of habitual behavior, the loss of IL activity renders animals sensitive to changes in the outcome value. Again, we suggest that when IL suppression of the action-outcome contingency is lost, devaluation of the outcome is associated with a decrease in responding consistent with goal-directed behavior.
While we favor the above scenario, an alternative explanation might be that the IL functions similarly in the acquisition and expression of habit and extinction by driving the acquisition of stimulus-response associations-in other words, expediting the development of stimulus-response habits and facilitating the acquisition of novel stimulus-and context-mediated learning that may enable the acquisition and expression of extinction (cf Rescorla 2001; Bouton 2004; Delamater and Westbrook 2013) . The IL may be acting in both habit and extinction to encode novel stimulus-response associations that override previously established contingencies. To our knowledge, no definitive data exist to discount this hypothesis. However, there is evidence that may argue against a role for the IL in the facilitation of stimulus-response learning. For example, it has been shown that the loss of IL does not prevent the acquisition of stimulus-response behaviors, specifically Pavlovian autoshaping (Chudasama and Robbins 2003) . While these data do not convincingly show that IL does not have a role in facilitating the acquisition of these stimulus-response relationships, it clearly shows that the absence of IL does not prevent the formation of them, as it does stimulus-response habits and extinction learning.
Finally, the above-proposed hypotheses do not discount the additional possibility that IL activity is either driven by or drives separate subcortical networks in the acquisition and expression of extinction versus habitual behavior. Rather, we suggest that these accounts of IL function in flexible behavior are complementary. Evidence indicates that separate, but overlapping, neurocircuitry mediate the extinction of distinct reinforcers and habits, including additional prefrontal subregions and subcortical structures within limbic corticostriatal circuitry. While a more substantial literature has implicated the critical roles of the nucleus accumbens and amygdala in extinction (Peters et al. 2009 ), a growing literature has identified these same neuroanatomical substrates in the development and expression of habitual reward seeking Lingawi and Balleine 2012) . Indeed, given evidence of layer specificity in IL activity in habitual behavior (Smith and Graybiel 2013) , and likely coordination of IL and PL activity in extinction (Peters et al. 2009; Sierra-Mercado et al. 2011) , consideration of IL interaction with other cortical subregions should be made. The neuroanatomical substrates that cooperate with IL to drive extinction and habitual behavior are readily testable through the combination of lesion and inactivation studies, and the more temporally refined and cell-typespecific use of optogenetic strategies.
Potential for translation to the human disease state
The rodent IL has been shown to play a critical role in the development and expression of inflexible behavior that characterizes a number of mental illnesses, including addiction and disorders such as post-traumatic stress disorder. While not universally Role of infralimbic cortex in extinction and habits www.learnmem.org accepted, there is some speculation that the human subgenual vmPFC may be homologous to the rodent IL. Not only is the connectivity overlapping, but also data have linked the human vmPFC-including Brodmann's areas 25, 14, 11, 13 ventral 24 and 32-with extinction and habitual behavior. Increased vmPFC activity has been shown to be associated with the expression of goal-directed behavior in humans (de Wit et al. 2009) , and it has been observed that connectivity between the vmPFC and striatal subregions can predict the "goal-directedness" of actions in healthy populations. This is consistent with the idea that innate differences in these connections may drive the propensity to develop habitual response strategies (de Wit et al. 2012) . Activity in the subgenual vmPFC has also been shown to be associated with extinction learning in humans and may underlie extinction abnormalities in disease states (Quirk and Beer 2006; Hartley et al. 2011; Milad et al. 2013) . Alhough a majority of these reports have focused on the investigation of fear extinction, given the high overlap between the role of IL in distinct forms of extinction learning in the rodent, it is tempting to speculate that considerable similarity between vmPFC function in fear and reward extinction will exist.
Consistent with roles for habitual behavior and extinction learning in disease states, vmPFC abnormalities have been observed in addiction (Bechara 2003; Sinha and Li 2007; George and Koob 2010; Courtney et al. 2012) , post-traumatic stress disorder, and depression (Shin et al. 2001; Li and Sinha 2008; Peters et al. 2009 ). Indeed, decreased vmPFC activity has been observed in alcoholics showing elevated propensity toward habitual behavior (Sjoerds et al. 2013) . Others have suggested that the human vmPFC may be involved in the suppression of irrelevant information, potentially by integrating information from separable components of limbic corticostriatal circuitry (Nieuwenhuis and Takashima 2011) . If indeed these structures are performing comparable functions, and working toward the suppression of previously established action-outcome associations, an understanding of the causes of dysfunction and mechanisms of restoration of vmPFC function is expected to be critical for the treatment and prevention of mental illnesses associated with inflexible behavior.
Conclusions and Summary
The IL PFC is highly interconnected with neuroanatomical substrates that regulate complex cognitive behavior. Its position within the limbic corticostriatal circuitry that mediates rewardseeking behavior makes the IL a key target for investigation into the loss of behavioral flexibility. The IL function has been shown to be crucial for the acquisition and expression of extinction, as well as for the acquisition and expression of habitual behavior. We suggest that these data argue that the IL is critical for the active suppression of established action-outcome relationships, and that its absence results in the use of established action-outcome contingencies to guide behavior. Future research should focus on identifying the precise mechanism through which the IL regulates the acquisition and expression of behavioral flexibility, as well as the neurotransmitter and neuroanatomical targets that mediate this role, with the aim of developing effective prevention and treatment strategies for psychiatric illnesses characterized by inflexible behavior, including addiction, obsessive compulsive disorder, and post-traumatic stress disorder. Testing the model. Based on the existing literature, we have outlined four separate, but potentially coexisting, hypotheses for the separable role of the IL in the acquisition and expression of extinction and habit learning. Assessing the precise role of IL function in behavioral flexibility will likely require the elegant combination of behavioral, genetic, and molecular techniques. (a,b) IL may promote extinction and habit learning through interactions with distinct input and output sites. To determine the neuroanatomical substrates that participate in IL activity to drive the expression of extinction learning and habitual behaviors, inactivation and lesion studies can be performed. The timing of these procedures can disentangle the role of IL and its projection targets in the acquisition and expression of habitual behavior and extinction. While these traditional methods enable significant anatomical specificity, the use of optogenetic and DREADD strategies can further refine our understanding of the neuroanatomy of these behaviors to include celltype specificity together with regional selectivity. If separate neural circuits mediate these behaviors, we would expect distinctions in the effect of lesions on these behaviors-e.g., disconnection of IL from projection targets or input structures may impact one, neither, or both of these behaviors enabling a greater understanding of the neurocircuitry of habitual behavior and extinction. (c ) These anatomical studies should be incorporated with novel behavioral approaches to assessing the overarching role of IL in behavior. One hypothesis is that IL function facilitates the acquisition of stimulus-response behavior, including habits and extinction. We propose that the most simple way to disentangle these hypotheses is through the critical evaluation of loss of IL function in the acquisition of novel stimulus-response behaviors and in return to previously required action-outcome strategies. Specifically, inactivation or lesion of IL (or IL circuits) could be performed in tandem with assessments of the expression or acquisition of stimulus-response behaviors other than habit. (d) Alternatively, IL may promote habits and extinction learning through the suppression of the ability of action -outcome relationships to guide behavior. Testing this hypothesis would require suppression of previously acquired action -outcome relationships, in tandem with alterations of IL function, to determine whether loss of IL still results in a reversion to goal-directed behavior in the absence of the neurons encoding this relationship.
